Female mammals produce milk to feed their newborn offspring before teeth develop and permit the consumption of solid food. Intestinal enterocytes dramatically alter their biochemical signature during the suckling-to-weaning transition. The transcriptional repressor Blimp1 is strongly expressed in immature enterocytes in utero, but these are gradually replaced by Blimp1
Female mammals produce milk to feed their newborn offspring before teeth develop and permit the consumption of solid food. Intestinal enterocytes dramatically alter their biochemical signature during the suckling-to-weaning transition. The transcriptional repressor Blimp1 is strongly expressed in immature enterocytes in utero, but these are gradually replaced by Blimp1
− crypt-derived adult enterocytes. Here we used a conditional inactivation strategy to eliminate Blimp1 function in the developing intestinal epithelium. There was no noticeable effect on gross morphology or formation of mature cell types before birth. However, survival of mutant neonates was severely compromised. Transcriptional profiling experiments reveal global changes in gene expression patterns. Key components of the adult enterocyte biochemical signature were substantially and prematurely activated. In contrast, those required for processing maternal milk were markedly reduced. Thus, we conclude Blimp1 governs the developmental switch responsible for postnatal intestinal maturation.
enterocyte maturation | gut development | nutrition | cell fate T he defining characteristic of placental mammals is the presence of highly specialized mammary glands that secrete milk. During the suckling phase, neonates rely entirely on a lactose-rich milk diet. Immature enterocytes are highly specialized for pinocytosis and processing of milk constituents. During the suckling-to-weaning transition, as teeth develop enabling consumption of solid foods high in sucrose and maltose, intestinal enzymatic pathways adapt appropriately to mediate efficient carbohydrate breakdown. The regulatory mechanisms responsible for controlling this developmental switch in enterocyte gene expression profiles remain unknown.
The mouse gut tube is initially comprised of a pseudostratified layer of definitive endoderm surrounded by splanchnic mesoderm. Starting at approximately embryonic day (E) 14.5, the mesenchyme begins to invaginate into the endoderm to form the fingerlike villi that protrude into the luminal space. Formation of terminally differentiated cell types including absorptive enterocytes, mucus secreting goblet cells, and enteroendocrine cells proceeds from E14.5 onward. Subsequent growth of the epithelial sheet is driven by proliferative cells restricted to the intervillus pockets (1) . Starting at birth, their derivatives migrate into the underlying mesenchyme to generate the intestinal crypts. In the adult intestine, stem cells at the base of the crypts proliferate continuously to replace epithelial cells being shed from the villus tips (2) .
The transcriptional repressor Blimp1, encoded by the Prdm1 gene, contains an N-terminal PR/SET domain and five C-terminal C2H2 zinc fingers that mediate nuclear import and DNA binding (3) . Originally identified as a silencer of β-IFN gene expression (4) , and a master regulator of plasma cell differentiation (5), Blimp1 acts downstream of Bmp/Smad signals in the early embryo to silence the default somatic pathway and specify primordial germ cells (6, 7) . Blimp1 also regulates development of the posterior forelimb, caudal pharyngeal arches, and sensory vibrissae (8) , and governs gene expression profiles in T-cell subsets (9), the sebaceous gland (10) , and skin epidermis (11) .
Here we report that Blimp1 acts as a master regulator of intestinal maturation. Blimp1 is strongly expressed throughout the epithelium of the embryonic gut. Beginning at birth, expression becomes down-regulated in the subset of intervillus cells that give rise to the developing crypts. The crypt derived adult enterocytes that emerge at postnatal day (P) 12 and repopulate the entire epithelium lack Blimp1 expression. Conditional inactivation of Blimp1 results in globally misregulated gene expression patterns, and compromises small intestine (SI) tissue architecture, nutrient uptake, and survival of the neonate. In combination with transcriptional profiling, the present experiments demonstrate that Blimp1/Prdm1 orchestrates orderly and extensive reprogramming of the postnatal intestinal epithelium.
Results

Down-Regulated Blimp1 Expression in Crypt Progenitors Beginning at
Birth. Blimp1 is strongly expressed throughout the embryonic gut endoderm (8, 12) . Expression is maintained in the fetal SI throughout development (Fig. 1A) , but, beginning at birth, the pattern dramatically changes. Expression is lost in a subset of c-Myc + cells within the intervillus pockets. During the next 10 to 12 d, this population expands to form the mature crypts (Fig. 1A) . In striking contrast, immature enterocytes retain Blimp1 expression (Fig. 1A) . Slightly later Blimp1 + cells shift distally, and by P18 expression is strictly confined to the luminal villus tips (Fig. 1A) . From postweaning onward, the intestinal epithelium lacks Blimp1 expression.
Next, we compared cell proliferation (by Ki67 labeling) and Blimp1 expression during formation of the crypt villus axis (Fig.  1B) . At E16.5, expression colocalizes to the intervillus pockets and proximal villus. Significant numbers of double-positive cells are retained at P2 in the proximal villi, but the percentage decreases during the next few days. A few double-positive cells persist at P10, but are subsequently lost. From P14 onward, Blimp1 + enterocytes are rapidly displaced as mature Blimp1 − enterocytes emerge from the crypts and migrate up the villus axis. In contrast, Ki67 + cells are strictly confined to the crypts. To confirm that Blimp1 − adult crypt stem cells derive from Blimp1 + fetal progenitors, Blimp1.Cre transgenic mice (6) were crossed to the R26R reporter strain (13) and stained for LacZ activity at P36. As expected, LacZ-positive crypts as well as labeled progeny were detectable along the entire villus axis (Fig. S1 ).
Conditional Inactivation Results in Postnatal Lethality. We crossed the Villin.Cre transgenic strain that expresses Cre in yolk sac and gut endoderm from E12.5 onward (14) to Prdm1 CA/CA animals (15) to selectively eliminate Blimp1 functions in the developing SI. As expected in Villin.Cre;Prdm1 CA/CA embryos (referred to as Blimp1 mutants), expression in the intestinal epithelium was Author contributions: J.H., E.K.B., and E.J.R. designed research; J.H. and E.J.R. performed research; J.H., A.M., R.M.A., and E.J.R. analyzed data; and E.K.B. and E.J.R. wrote the paper.
virtually undetectable by E18.5 (Fig. S2) . Similarly, Western blot analysis at E18.5 confirms loss of Prdm1 expression (Fig. S2) .
Blimp1 conditional inactivation loss has no noticeable effect on gross morphology or formation of mature cell types, including enterocytes and goblet and enteroendocrine cells, before birth (Fig.  2) . Expression levels of Math1, Klf4, and Hes1 (16, 17, 18) were unaltered (Fig. S2 ). Sox9 expression required for postnatal Paneth cell formation (19) was unaffected (Fig. 2) . Similarly, as judged by phosphohistone 3 and Ki67 staining and BrDu incorporation, the proliferative activity of intervillus pocket cells was unperturbed at E18.5 ( Fig. 2 and Fig. S2 ). c-Myc is a well characterized Blimp1 target gene in B lymphocytes (20) and functions as a key downstream effector of Wnt signaling in the intestine (21) . However, we found here that Blimp1 inactivation fails to influence c-Myc expression (Fig. S2) .
Mutant offspring were born at the predicted Mendelian frequencies (Table S1) , and display normal suckling behavior. However, compared with control littermates, these pups are growthretarded, and nearly half (P = 0.0001) died within 10 d of birth ( Fig. 3  A and B) . The SI tissue architecture was clearly disturbed (Fig. 3 C-H and Fig. S3 ). Villus density was reduced. Moreover, intervillous cells were highly vacuolated, retained only patchy Ki67/c-Myc expression, and strongly expressed the enterocyte marker alkaline phosphatase at the apical surface, a phenotype consistent with premature terminal differentiation. Interestingly, in Tcf4-deficient embryos, loss of Wnt-mediated proliferation similarly results in failure to maintain the intervillus stem cell compartment and causes cells to acquire a terminal columnar phenotype starting at E16.5 (22) .
The SI of adult survivors invariably contains both WT and LacZmarked deleted cells (Fig. S3) . Thus, the incompletely penetrant phenotype is caused by a few exceptional WT cells that escape excision during embryogenesis and rapidly expand postnatally to support villus homeostasis. However, the initial weight loss observed at P0 persists into adulthood and is accompanied by decreased SI surface area (Fig. S3) . Thus, conditional Blimp1 inactivation in the fetal gut epithelium has long-lasting effects on SI growth and development.
Global Changes in Gene Expression Patterns Revealed by Transcriptional Profiling. We used the Illumina array platform to compare WT versus mutant transcripts in SI tissue at late gestational (E18.5) stages. We identified 1,595 differentially expressed genes (Illumina DiffScore > 13, equivalent to P < 0.05) widely distributed throughout the genome. Of these, 664 were up-and 948 down-regulated. Functional annotation clustering analysis with DAVID 6.7 (23) demonstrated the highest enrichment scores for energy metabolism, vacuole function, and molecular transport categories (Fig. S4) . Genes showing greater than fivefold changes (DiffScore > 100) are summarized in Fig. 4 . Candidate misregulated genes were validated by quantitative PCR (qPCR) and scored for the presence of Blimp1 binding site motifs containing the core consensus sequence GAAAG (24) by using an affinity weighted matrix (Genomatix ; Table S2 ).
Numerous transcripts normally restricted to adult enterocytes were dramatically up-regulated. Up-regulated components of the adult biochemical signature include the carbohydrate processing enzymes sucrase isomaltase (Sis) and trehalase (Treh). Sis and Treh expression levels normally increase 10-fold between E14.5 and birth, and 1,500-and 2,000-fold, respectively, during the third week of postnatal life (Fig. 5A) . Similarly, arginase 2 (Arg2), re- quired for arginine breakdown in the adult intestine (25) , normally increases 500-fold between P10 and weaning (Fig. 5A) . The cytochrome p450 4v3 subunit, involved in fatty acid hydrolysis, three members of the glutathione transferase family (Gsta1, Gsta2, Gsta4), (26) , as well as two RIKEN ESTs cloned from intestine libraries (27) normally expressed by adult enterocytes, were highly up-regulated (Table S2) . Interestingly, the abrupt appearance of the adult biochemical signature that normally occurs between P10 and P21, just shortly before weaning (Fig. 5A) , precisely mirrors the rapid disappearance of Blimp1-positive immature enterocytes. qPCR analysis of mutant fetal SI demonstrates these adult markers are ectopically activated starting at E14.5 of development, just before the onset of villus morphogenesis (Fig. 5 B-F) .
In contrast we found many immature enterocyte markers were down-regulated (Fig. 4 and Table S2 ). For example, expression of the digestive enzyme neuraminidase (Neu1), responsible for the breakdown of sialic acid (28, 29) , peaks near birth and decreases rapidly between P10 and weaning (P21; Fig. S5A ). Milk is deficient in the essential amino acid arginine and de novo synthesis resulting from the breakdown of glutamine and proline in neonates, is in part mediated by arginosuccinate synthetase (Ass1) and arginosuccinate lyase (Asl) (30) . Ass1 levels normally peak at E18.5 and then rapidly decrease (Fig. S5A) . The ability of the neonatal SI to absorb intact macromolecules via pinocytosis depends on lysosomal enzymes, including N-acetylgalactosaminidase (Naga), β-gal (Glb1), and β-glucuronidase (GusB) (31) . These transcripts are strongly expressed during the suckling period, but decrease before weaning (Fig. S5A) . qPCR analysis confirmed markedly reduced expression levels in mutant enterocytes ( Fig. S5 B-F) . The reduced body weights of Blimp1 conditional mutants can be explained by decreased expression of pathway components required for milk processing, as well as uptake of nutrients and growth factors from the amniotic fluid.
Loss of Blimp1 Causes Fetal Intestinal Epithelium to Adopt an Adult
Enterocyte Fate. The brush border membrane protein Sis is initially expressed in crypt-derived mature enterocytes that emerge at P12 and start migrating distally to the villus tips (Fig. S6) . In situ hybridization experiments confirmed that Sis is prematurely expressed in Blimp1-deficient villous epithelium from E16.5 onward (Fig. 6 A and B) . Similarly, the brush border myosin Myo1A (32) is ectopically expressed throughout the mutant epithelium ( Fig. 6 A  and B) . In contrast, Afp and Ttr, which are abundantly expressed in extraembryonic yolk sac endoderm and the developing gut epithelium (33, 34) (Fig. 6 C-E and Fig. S7 ), are markedly downregulated (Figs. 4 and 6C) . In WT embryos, expression increases between E14.5 and birth (Fig. 6C) and is restricted to the villus epithelium (Fig. 6D) . These immature Afp/Ttr + cells are gradually displaced by adult enterocytes (Fig. 6E) . We found that mutant villi are completely devoid of Afp/Ttr + cells (Fig. 6 D and E) , but, in contrast, expression in mutant yolk sac tissue is unaffected (Fig.  S7) . These findings strongly argue that the mutant SI epithelium converts to an adult enterocyte phenotype.
Discussion
Classical biochemical studies identified the key enzymatic and transport pathways responsible for uptake and digestion of maternal milk by newborn mammals (31, 35) . In mice, the immature enterocyte profile becomes down-regulated beginning at approximately 2 wk after birth and rapidly shifts to the adult program during the third week of life ( Fig. 5A and Fig. S5A ). Early work established that this developmental switch is mediated by intrinsic rather than environmental or dietary cues (36) . An attractive idea is that immature fetal enterocytes might be replaced by a second population with a radically altered biochemical signature. Our experiments demonstrate that the master transcriptional regulator Blimp1 plays a fundamental role in the developing intestine controlling this critical shift in gene expression profiles.
Blimp1 is strongly expressed in the definitive endoderm that gives rise to the embryonic gut tube shortly after it emerges from the anterior primitive streak during gastrulation (7, 12) . Expression is maintained in both proliferating and quiescent intestinal epithelial cells throughout fetal development. However, beginning at birth, a subset of mitotically active c-Myc + cells in the intervillus pockets selectively down-regulates Blimp1 coincident with migration into the underlying mesenchyme to initiate crypt formation. Slightly later, starting at P12, mature adult Blimp1 + cells situated in the proximal villi maintain the immature population. The coordinately balanced activities of these distinctive cell populations ensures temporal overlap of immature and mature metabolic pathways, enabling the juvenile to simultaneously process both milk and solid food during the suckling-to-weaning transition.
In the developing forelimb bud, Blimp1 expression transiently marks progenitor cells that give rise to the zone of polarizing activity (8) . This key signaling center is correctly specified in Blimp1 mutants but fails to expand, resulting in discrete loss of the posterior digits and ulna (8) . Likewise, Blimp1 inactivation in the developing intestine may compromise the ability of intervillus cells to respond to localized cues required to maintain their undifferentiated status as crypt progenitors. Surprisingly, our analysis of misregulated genes revealed only a few transcription factors, cell cycle regulators, and components of growth factor signaling pathways. It is of course possible, if not likely, that postnatal intestinal maturation is also controlled in part by posttranscriptional regulatory mechanisms. Transcriptional networks controlling gut development have been previously characterized. Conditional inactivation of Cdx2 in the early gut endoderm disrupts villus architecture and completely blocks enterocyte, goblet, and enteroendocrine cell terminal differentiation (37) . The Cdx2 target Hnf4α normally activates Treh (38) . Similarly, the Sis promoter region contains binding sites for Hnf1α, Gata4, Cdx2, and Cdx1 (39) . These transcriptional activators are expressed in the embryonic and adult intestinal epithelium (40, 41, 42) . However, Treh and Sis gene expression becomes activated only in mature crypt-derived enterocytes, suggesting that these promoter regions are probably inaccessible in immature Blimp1 + enterocytes. Recent experiments suggest that Blimp1/Prdm1 transcriptional targets are cell type-specific (3). Here we identify several candidate direct targets, including Sis and the two RIKEN clones found to be dramatically up-regulated and containing Blimp1 binding motifs with the core consensus sequence GAAAG within promoter and distal regions. However, consistent with previous studies (43), we also observe numerous predicted Blimp1 binding sites present near down-regulated genes. Current models of transcriptional control have evolved far beyond simple on/off switches to encompass increasingly complex circuits governing gene expression. Indeed, recent reports demonstrate that Blimp1 binds to a distal site within intron 2 and represses its own expression via an autoregulatory feedback loop (11, 43) . Genome-wide ChIP experiments identified nearly 300 Blimp1-occupied promoters in a human myeloma cell line (44) . Similarly recent studies reveal dynamic changes in occupancy by the homeodomain protein CDX2 at hundreds to thousands of distinct sites cooperatively bound with other tissue-specific transcription factors in the adult intestine (45) . Future experiments will investigate local and long-range regulatory interactions during Blimp1 target site selection in the developing intestine.
In contrast to previous studies of transcription factors required for allocation of terminally differentiated cell types, or those acting to control regional compartmentalization during digestive tract development, the present work demonstrates that the transcriptional repressor Blimp1/Prdm1 globally regulates gene expression profiles in the developing SI. Combinatorial protein partnerships with histone deacetylases (HDACs), the G9a methyltransferase, and LSD1, a lysine-specific demethylase, have all been implicated in silencing Blimp1 target genes during plasma cell terminal differentiation (3). We note with interest that expression of its epigenetic partners Hdac1 and Hdac2 is also downregulated in the intestinal epithelium during later stages of development (46) . It will be important to learn more about Blimp1 interactions with its epigenetic partners that cooperatively regulate global changes in chromatin architecture during postnatal reprogramming of intestinal enterocytes.
Materials and Methods
Animals. Villin-Cre (14) and Prdm1 BEH/+ (7) animals were intercrossed to generate heterozygous Villin-Cre, Prdm1 BEH/+ males that were then mated with homozygous Prdm1 CA/CA females (15) carrying the R26R allele (13) crossed to homozygous Prdm1 CA/CA females to generate Blimp1-null embryos (8). Blimp1.Cre transgenic animals (6) were used for fate mapping.
In Situ Hybridization, Histology, and Immunohistochemistry. SI contents were removed by flushing with PBS solution and were dissected into proximal (duodenum), middle (jejunum), and distal (ileum) tissue segments and fixed in 4% paraformaldehyde overnight at 4°C. Sections (5 μm) were prepared for immunohistochemistry. Only data from the duodenum are presented. Protocols and a full list of antibodies are presented in SI Materials and Methods. In situ hybridization on 8-μm paraffin sections was performed according to standard protocols (47) with DIG-labeled probes for Ttr, Afp, Sis, and Myo1A, counterstained with eosin and mounted. For H&E staining, tissue was fixed overnight in 4% PFA before processing (47) .
Transcriptional Profiling and qPCR Validation. Tissue between the base of the stomach and the top of the cecum was removed, freed of surrounding mesentery, flushed with ice-cold PBS solution, and stored in RNAlater (Sigma). RNA was extracted by using the RNeasy Mini kit (74104; Qiagen). Biotinylated cRNA (1,500 ng) from 11 Prdm1 +/+ and 10 Prdm1 −/− samples was hybridized to Illumina Mouse WG-6 mouse v2 Expression BeadChips. Samples were randomly loaded onto the six array positions within each BeadArray. BeadStation data were extracted and analyzed by using the Gene Expression Analysis Module V1.6.0 of GenomeStudio V2009.2 (Illumina). Differential probe expression was determined following rank-invariant normalization by using the Illumina custom Error model option with Benjamini and Hochberg false discovery rate. Probes with significantly different expression (difference score > 13, equivalent to P < 0.05) were analyzed by using DAVID Bioinformatics Resources 6.7 (http://david.abcc.ncifcrf.gov/). For qPCR analysis, mRNA was converted into cDNA by using the Superscript III enzyme and oligo dT primers (18080-051; Invitrogen). cDNA (10 μL) was amplified in a 15-μL fluorescein (FAM)-based PCR by using SensiMix master mix (QT705-05; Bioline). Cycling conditions included an initial denaturation step of 15 min at 95°C, followed by 40 cycles of 15 s at 95°C and then 1 min at 60°C. Probe and primer sets were designed by using the Universal probe library assay design center (Roche). Primer sequences are provided in Table S3 . Expression of target genes was normalized to Actin cDNA and relative fold change compared with WT was calculated by using the δC t method as 2
. All reactions were performed by using technical triplicates.
Data Analysis. Statistical analysis was performed by using the GraphPad Prism 5 statistic package. All data were checked for normality by using the D'Agostino and Pearson omnibus normality test and subsequently tested by using the Student t test or the Mann-Whitney nonparametric test. Western blot analysis of E18.5 WT intestine shows roughly equivalent Blimp1 expression levels in all segments, whereas conditional mutants lack expression. Blots were stripped and reprobed for β-tubulin to ensure equal protein loading. + cells confined to the rare shallow crypts are columnar and highly vacuolated (arrows) and uniformly express alkaline phosphatase. (B) Survivors display decreased body weights and reduced SI surface area (box, interquartile range; horizontal line, median; vertical line, minimum to maximum values excluding outliers; cross, mean; n > 9 for both genotypes). (C) Monitoring Villin.Cre-mediated deletion activity via X-gal staining shows the majority of the epithelium of the intestine and colon is deleted at E18.5. Survivors show areas of LacZ staining and nonstaining tissue suggesting transgene silencing or repopulation of neonatal epithelium by WT cells. As Blimp1 is not expressed in mature crypts, Villin.Cre-mediated deletion in adults has no physiological consequence. 
